S
ulfiting agents are used in some Oriental herbal medicines to prevent discoloration. The Korea Food and Drug Administration (KFDA) has been investigating the levels of residual sulfite in Oriental herbal medicines on the Korean market to help set guidelines with respect to sulfite requirements and acceptable levels.
Sulfiting agents are usually added as solutions of salts such as sodium or potassium metabisulfite, bisulfite, or sulfite. Sulfite is seldom added as sulfur dioxide gas, except in the fumigation of grapes. In the course of this study, we became aware that certain producers treat Oriental herbal medicines with gas produced by the burning of bituminous coal. It was suspected that they were using gaseous sulfur dioxide generated from sulfur in the coal to prevent discoloration.
We also found that certain herbal medicine samples show substantially higher results by the Monier-Williams (MW) method (AOAC 990.28; 1) than by more specific methods. In the MW method, sulfur dioxide released by acid distillation is oxidized to sulfuric acid by hydrogen peroxide, and the resulting sulfuric acid is determined by titration with alkali. When a false-positive response is suspected, sulfate in the hydrogen peroxide trap can be determined by more specific methods such as gravimetry (as barium sulfate) or by ion chromatography with conductivity detection (2, 3) . Alternatively, the released sulfur dioxide can be trapped in alkali and determined as sulfite by ion-exclusion chromatography with electrochemical detection (IEC/EC; 4).
Because it is well known that certain vegetables, Allium and Brassica vegetables for example, contain naturally occurring sulfite, we were interested in whether a portion of the sulfite in commercial herbal medicines is naturally occurring. Another interesting issue was what portion of the added or naturally occurring sulfite would be released under physiological conditions. Because the herbal medicine samples were dried by fumigation with burning bituminous coal, it was suspected that part of the sulfur dioxide might become strongly bound to the components of the herbal medicines and released only under the harsh conditions of acid distillation. Alkali extraction followed by ion-exclusion chromatography with electrochemical detection (AE/IEC/EC; AOAC 990.31; 5) can be used to determine the portion of sulfite released by alkali. In fact, as Monier-Williams pointed out in 1927 (6), sulfite is more readily released in alkali than in acid, unless heat is applied. Therefore, acid treatment without heating can be used to measure free sulfite (7, 8) . Strongly bound sulfite not released even in alkali is released by acid distillation.
In 1998, the U.S. Food and Drug Administration (FDA) required the use of the AE/IEC/EC method or the ion-pairing liquid chromatographic (LC) method (9) for analysis of seafood products to confirm results by the MW method, if the MW result is >10 ppm (FDA memorandum, personal communication, Dec. 9, 1998). Therefore, it was of interest to see what difference the AE/IEC/EC method and the MW method would show when naturally occurring or strongly bound sulfite was present.
To address these issues, we compared results obtained by 3 analytical methods for 7 different herbal medicines purchased locally: Pueraria radix, Zingiberis rhizoma, Platycodon radix, Adenophora radix, Pinellia tuber, Astragalus radix, and Paeonia radix. The accumulation of sulfite by fumigation with burning bituminous coal was also investigated by using Oriental herbal medicines collected from a KFDA growing field.
The commercial samples were analyzed by the MW method, the AE/IEC/EC method, and a method using acid distillation and ion-exclusion chromatography with electrochemical detection (AD/IEC/EC) method. The AD/IEC/EC method determines total sulfite (added or naturally occurring) that can be released by the MW acid distillation. The AE/IEC/EC method, on the other hand, determines the free and the reversibly bound portions of the added sulfite that can be released by alkali. In studying the time course of sulfiting by fumigation, we also used ion-exchange chromatography with conductivity detection to determine sulfate in the H 2 O 2 trap after acid distillation. Because ion chromatography usually refers to ion-exchange chromatographic separation and conductivity detection, we call this method the AD/IC method. (c) Ion-exchange chromatography system.-Donam Model DC510 isocratic pump, Allsep anion-exchange column (7 µm, 100 × 4.6 mm), and Alltech Model 550 conductivity detector with disposable anion-suppressor cartridge.
Experimental

Reagents
Samples
All 7 kinds of herbal medicines tested were root portions of the herbs. A total of 18 samples were purchased from several different local stores.
Platycodon radix, Zingiberis rhizoma, Pinellia tuber, and Paeonia radix roots were collected from a growing field at Okchun, Korea, operated by KFDA. The fumigation chamber was 110 × 285 × 338 cm (height). The cleaned roots were placed on trays with wood frames and stainless steel screens. The trays were inserted into the chamber in horizontal layers 20 cm apart vertically. The bottom tray was 136 cm above the floor. The burning bituminous coal was introduced through an opening and placed on the floor. The fumigation/drying was continued for 3, 6, 9, and 12 h. Hot air was used to complete the drying, if necessary. The dried samples were ground into fine powder and stored frozen until analysis. Root samples untreated by fumigation were used as the control.
Determination A 4 g sample was used for the MW analysis. See AOAC 990.28 for details.
(a) AD/IEC/EC method.-MW acid distillation was performed with a 4 g sample, and sulfur dioxide was trapped in 40 mL alkali trapping solution. The trapping solution was diluted with pH 9.4 buffer to give a final sulfite concentration of 0.5-2 ppm, and the diluted solution was injected into the ion-exclusion chromatography system. The amperometric detector was operated at 0.6 V vs the Ag/AgCl reference electrode. The Pt electrode was cleaned between sample runs by reconditioning the system at 0.6 V after a sequence of 1.5 and -1 V pulses. The eluant was 20mM sulfuric acid, pH 2, and the flow rate was 0.75 mL/min. The injection volume was 50 µL.
(b) AE/IEC/EC method.-A 0.1-0.3 g sample was homogenized with 10-30 mL pH 9.4 buffer for determination of total sulfite. The extract was centrifuged and filtered through a 0.4 µm membrane filter before injection. The chromatographic procedure was the same as that for the AD/IEC/EC method. See AOAC 990.31 for details.
(c) AD/IC method.-The acid distillation step was the same as the MW distillation. A 20 µL aliquot of the H 2 O 2 trap was injected into the ion chromatograph. The eluant was the 0.85mM NaHCO 3 , 0.9mM Na 2 CO 3 buffer (pH 10). Sulfate was determined by ion-exchange chromatographic separation and conductivity detection.
(d) Free sulfite.-5mM sulfuric acid with 10mM D-mannitol was used for extraction. The chromatographic procedure was the same as that for the AD/IEC/EC method.
Recovery Test
A 2 g sample of Platycodon radix was mixed with 10 mL 800 ppm sulfite solution and pulverized. After draining, the sample was dried in a 120 o C oven for 10 min. The sulfite content obtained by the AE/IEC/EC method was used as a reference. A 0.1 mL portion of 1000 ppm sulfite solution in water was added to 0.1 g dried sample to make a sample paste. After 10 min, the sulfite content was determined by the AE/IEC/EC method. Percent recovery was calculated by using the reference value.
Results and Discussion
Sulfite in Commercial Oriental Herbal Medicines
Results determined by 3 methods for the sulfite content of 7 kinds of Oriental herbal medicines purchased from local stores are summarized in Table 1 . The results led to several observations.
The MW result either agreed with the AD/IEC/EC result within 10% (Pueraria radix 2, Zingiberis rhizoma 2 and 3, Platycodon radix 1, Pinellia tuber 2, Adenophora radix 1 and 3) or was higher than the AD/IEC/EC result (Pueraria radix 1, Zingiberis rhizoma 1, Platycodon radix 2, Pinellia tuber 1 and 3, Paeonia radix 1-4, Adenophora radix 2, and Astragalus radix). The ratio of the AD/IEC/EC result to the MW result was between 0.47 (Pinellia tuber 1) and 1.05 (Zingiberis rhizoma 3). Because the acid distillation step was the same in both methods, the amount of sulfur dioxide released should have been the same. The difference was in the detection step. The alkali titration in the MW method detects all acidic compounds as sulfite, whereas the electrochemical detection in the AD/IEC/EC method is extremely specific for sulfite (10) . Therefore, we believe that the AD/IEC/EC result represents the true sulfite level in the herbal medicine samples, and the difference between the MW result and the AD/IEC/EC result is mostly due to a false-positive response by the MW method. The difference could be partly due to the inhomogeneity of the sulfite content throughout the sample. The nature of the interfering compounds in the herbal medicine samples was not investigated in this work. It is possible that the coal-heating process led to the production of volatile acids or precursors that formed volatile acids during acid distillation or oxidation by hydrogen peroxide.
The ratio of the AD/IEC/EC result to the MW result varied significantly even within the same kind of herbal medicine. The ratio was 0.88-
The difference between the AD/IEC/EC and AE/IEC/EC results was more striking. In 10 of 18 samples, no sulfite was detected by the AE/IEC/EC method. In the remaining 8 samples, the ratio of the AE/IEC/EC result to the AD/IEC/EC result was between 0.13 (Platycodon radix 1) and 0.65 (Pinellia tuber 1) except for Adenophora radix 3, for which all 3 methods gave the same result within experimental error. Such a large variation was contrary to the good agreement generally observed between the MW results and the AE/IEC/EC results for most foods and beverages (10, 11) .
In the present study, the difference between the AD/IEC/EC results and the AE/IEC/EC results represents sulfite released by acid distillation but not by alkali extraction. Such a significant difference in binding strength was observed previously in Maillard browning systems (4). For example, in dehydrated apple, the initial sulfite level was 956 by the MW method and 980 ppm by the AE/IEC/EC method. However, after 5.5 h of heating at 78 o C to accelerate browning, the AE/IEC/EC result decreased to 335 ppm, whereas the MW result was 465 ppm. The sulfite level determined by the AD/IEC/EC method was 456 ppm, which was practically the same as the MW result within experimental error. The difference of 121 ppm is due to sulfite strongly bound to the browning reaction products and released by acid distillation, but not by alkali extraction. Caramel color is an extreme case. Sulfite in caramel color is not released at all by alkali; therefore, the AE/IEC/EC method is not recommended for caramel color (5). It is not surprising that varying amounts of sulfite were strongly bound to the components in herbal medicine samples, considering that heat was applied during treatment with burning coal and subsequent drying with hot air.
Absence of Sulfite in Fresh Oriental Herbal Medicines from the Field
Once sulfite was detected in commercial herbal medicine samples, it was of interest to find out whether all detected sulfite was derived from the coal or part of it occurred naturally. The presence of sulfite in Platycodon radix obtained directly from the growing field without fumigation was tested by 4 different methods. The MW and the AD/IC results were 4 and 1 ppm, respectively (Table 2 ). However, both the AD/IEC/EC and AE/IEC/EC methods showed no sulfite. Because the AD/IEC/EC method determines sulfite resulting from acid distillation with high sensitivity and specificity, it was clear that the Platycodon radix sample contained no naturally occurring sulfite. Both the MW and AD/IC results were close to the detection limit. The AD/IC result might be due to sulfate resulting from hydrogen peroxide oxidation of sulfur-containing compounds other than sulfite. If acid distillation had released any sulfite, it would have been detected by the AD/IEC/EC method. The MW result might include a response by acids other than sulfuric acid, which was detected as sulfate by the AD/IC method. Similarly, no sulfite was detected in Zingiberis rhizoma, Pinellia tuber, or Paeonia radix from the field, either by the MW method or by the AE/IEC/EC method. Overall, there appears to be no naturally occurring sulfite in untreated Oriental herbal medicines.
Sulfite in Samples Fumigated with Burning Bituminous Coal
Once the absence of naturally occurring sulfite in untreated Oriental herbal medicines was demonstrated, the accumulation of sulfite by fumigation with burning bituminous coal was investigated by using Platycodon radix as an example. Results of the sulfite determinations by 4 methods (3 with acid distillation, MW, AD/IC, and AD/IEC/EC; and one without acid distillation: AE/IEC/EC) are summarized in Table 2 .
The chromatogram in Figure 1(A) shows a 0.61 ppm sulfite peak in the chromatogram obtained for the solution in the alkali trap in the AD/IEC/EC analysis of a Platycodon radix sample fumigated for 6 h. A 4.0 g sample was used for acid distillation, and the volume of the trapping solution was 40 mL, which resulted in a 10-fold dilution of the sulfite. The trapping solution was diluted 100-fold before it was injected into the chromatograph. Thus, the sulfite content of the sample was 610 ppm.
For the AE/IEC/EC determination, the sample was extracted with 10-fold excess alkaline buffer, and the extract was diluted 100-fold before injection. The sulfite peak in Figure 1 (B) corresponds to 0.52 ppm, which amounts to 520 ppm sulfite in the sample. Clearly, the difference between the AD/IEC/EC result and the AE/IEC/EC result for the 6 h sample is much less than that for most commercial samples in Table 1 . Figure 2 shows a chromatogram obtained for the 6 h sample by the AD/IC method using conductivity detection. Sulfur dioxide released from a 5 g sample in the distillation flask was trapped in a 30 mL H 2 O 2 trap (6-fold dilution). The trapping solution was diluted 100-fold before chromatography. The 1.6 ppm sulfate peak, therefore, corresponds to 640 ppm sulfite in the sample. No other components produced chromatographic peaks near the sulfate peak when the H 2 O 2 trapping solution was injected into the chromatograph. A similar AD/IC method was used for determination of naturally occurring sulfite in fruits and vegetables (12) . Comparison of the chromatogram in Figure 2 with that in Figure 1A , shows that a reliable determination of sulfite released by acid distillation is possible by both ion chromatographic methods. The sensitivity of the electrochemical detection and that of the conductivity detection were similar.
The sulfite concentration increased with up to 9 h of fumigation and seemed to decrease slightly thereafter, probably because of irreversible binding of the sulfite with further heating. The AD/IC and AD/IEC/EC results were in agreement within 10%; such variations might be due to inhomogeneity of the sample. We believe that the AD/IC and AD/IEC/EC results represent the total amount of sulfite that could be released by acid distillation. The MW results were 12-16% higher than the AD/IC results, probably as a result of interference by volatile acids either present in the samples or produced during acid distillation and oxidation in the trap. This difference is consistent with the results in Table 1 for samples from local stores.
Comparison of the last 2 columns in Tables 1 and 2 shows that the difference between the AD/IEC/EC and AE/IEC/EC results was much greater for commercial samples than for the freshly fumigated samples, probably because varying amounts of the readily extractable sulfite, determined by the AE/IEC/EC method, become strongly bound and unextractable by alkali under different fumigation and storage conditions.
The average of 2 recoveries by the AE/IEC/EC method using Platycodon radix was 93%. Recoveries by the MW method and the AD/IEC/EC method were 99 and 103%, respectively. Clearly, the variations among the results for sulfite content in Tables 1 and 2 are beyond the experimental uncertainties.
Free Sulfite Versus Bound Sulfite
In 1927, Monier-Williams (6) stated that sulfurous acid, when combined with aldehydic or ketonic groups, is much less active physiologically than when in the free state. He considered it desirable to be able to determine free sulfite separately from bound sulfite. However, because of the difficulty of measuring free sulfite, total sulfite has been measured over the years. It is possible, however, to measure free sulfite by performing the MW analysis without the application of heat (7) or by extracting sulfite with acidic solution (8) .
In determining bound sulfite, one needs to consider to what extent it is desirable to release the bound sulfite. Once sulfited food is consumed, only free sulfite will be relevant at the acidic pH of the stomach. At the neutral pH of the small intestine, some of the reversibly bound sulfite will be released. For example, it is possible that some of the bound sulfite in such a compound as glucose hydroxysulfonate would be released at the neutral pH of the small intestine, as Taylor et al. (13) pointed out. Thus, the total sulfite determined by the alkaline extraction method (5) represents an upper limit of the sulfite that could be released from a food or beverage under physiological conditions.
Clearly, among the 3 results for each sample in Table 1 , the AE/IEC/EC result is the most physiologically relevant. The conditions for acid distillation in the MW method or the AD/IEC/EC method are far from the physiological conditions. The pH of the stomach is about the same as that used in the determination of free sulfite (8) . Because an alkaline extractant is used, which releases reversibly bound sulfite more readily than does the acidic extractant, the AE/IEC/EC results in the last column of either Table 1 or 2 are probably overestimates of the physiologically significant amount of sulfite.
For the Platycodon radix samples described in Table 2 , free sulfite was determined by using a pH 2 extractant (8). The level of free sulfite found for the 3 h sample was 91 ppm, whereas the AE/IEC/EC result was 392 ppm. Free sulfite was about a quarter of the total sulfite; the rest was reversibly bound and released by alkali. For the 6 h sample, the concentration of free sulfite increased by 123 ppm to 214 ppm. Table 2 shows that total sulfite also increased by 120 ppm. The concentrations of free sulfite were 574 and 584 ppm for the 9 and 12 h samples, respectively. It appears that there are certain limits to both free and total sulfite.
The FDA recently required confirmation of the MW results by the AE/IEC/EC method (5) or the ion-pairing LC method (9) for analysis of seafood products, if the MW result is >10 ppm (FDA memorandum, personal communication, Dec. 9, 1998). Comparison of total sulfite, determined by the AE/IEC/EC method, and free sulfite, determined by the AD/IEC/EC method, for Platycodon radix shows that the AE/IEC/EC results include physiologically significant free sulfite. Interference in the MW method can be avoided by use of the AE/IEC/EC method. For these reasons, it seems a sound practice to use the AE/IEC/EC method, as FDA required for the analysis of seafood products, to determine the sum of the free 
